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We present an highly efficient all-fiber compact supercontinuum source that exhibits a nearly flat spec-
trum from 1.1 um to 2.1 pm. This broadband infrared optical source is made-up of a highly non-linear
fiber pumped by a 1.55 pm self-Q-switched Er-Brillouin nanosecond pulsed fiber laser, which in turn is
pumped by a low-power 1480 nm laser diode. In this work we highlight the great potential of highly

non-linear fiber for supercontinuum generation with respect to conventional dispersion-shifted fiber
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supercontinuum.

by demonstrating a significant 10 dB power enhancement in the short wavelength side of the

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the past few years, significant research has gone into gener-
ating broadband supercontinuum (SC) light in optical fibers using
compact lasers for applications ranging from components testing
to optical coherence tomography [1]. An ideal SC source would
provide a broadband and flat spectrum at selectable bands, while
at the same time exhibiting high output spectral power stability.
The use of high-peak power (kW range) Q-switched lasers for SC
generation meets these requirements while keeping a low average
power level. Commonly such SC sources are available mainly from
the use of conventional solid-state or microchip Q-switched lasers
in combination with microstructured or standard fibers with the
drawback of integrating bulk laser and fiber components [2-4].

Recently, an all-fiber solution has been proposed based on a
passively-Q-switched nanosecond Er-doped fiber laser [5] that al-
lows for the achievement of an ultra-broadband SC extending from
900 nm to 1800 nm [6]. This preliminary experiment used a long
standard dispersion-shifted fiber (DSF). However, significant
improvement of the SC spectrum can be expected from the use
of an optical fiber with more appropriate non-linear and dispersion
characteristics than that of the standard DSF. Highly non-linear fi-
ber (HNLF) has already been shown as a good candidate for opera-
tion with infrared continuous-wave SC sources [7,8] and seems to
be a suitable media for operation with nanosecond pulses. Specif-
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ically, in comparison with the standard DSF, the HNLF exhibits
both a stronger nonlinearity (between 5 and 15 times) and a lower
dispersion slope that are key parameters for extended and flat SC
generation [9]. The SC spectrum shape can precisely be controlled
by the dispersion characteristics of HNLF. Moreover, the low cou-
pling loss (0.1 dB) with standard single-mode fibers (SMF) makes
HNLFs very suitable for all-fiber SC generation with respect to pho-
tonic crystal fibers [9].

In this letter, we report on a low-threshold all-fiber broadband
SC source based on the use of the highly non-linear fiber in combi-
nation with sub-nanosecond self-Q-switched Er-doped fiber laser
pumped by 120 mW laser diode. We show that the use of the HNLF
with a zero dispersion wavelength close to the pump laser wave-
length leads to efficient generation of Raman solitons and disper-
sive waves (DWs) in both the long and short wavelength sides of
the pump, providing an enhancement of the spectral power density
up to 10 dB in comparison with the SC generated in a standard DSF.
The resulting SC spectrum covers the spectral window 1.1 um-
2.1 pm and has more flat profile. It is important to stress that this
nanosecond IR-SC source is different from the ones demonstrated
in the 1990’s using high-repetition rate mode-locked fiber laser
and dedicated for application to WDM-spliced telecommunication
system [10,11].

2. Experimental setup

The experimental setup is schematically sketched in Fig. 1. Our
device makes use of a sub-kW peak power nanosecond fiber laser
with a repetition rate in the kHz range and a 500 m long HNLF for
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Fig. 1. Experimental setup: SMF, single-mode fiber; WDM, wavelength division multiplexing; HNLF, highly nen-linear fiber.

non-linear linewidth broadening. We used the same sample of
HNLF that had already demonstrated its high capability for SC gen-
eration in continuous-wave pumping regime [8].

The fiber has a non-linear coefficient of y = 11.8 W' km™" and
its dispersion parameters are a zero dispersion wavelength (ZDW)
of 1551.4nm and a dispersion slope of 0.032 psnm=2km™,
respectively. The cut-off wavelength for the fundamental mode is
1150 nm and its dispersion coefficients are g, = —0.19 x 107%
s?m~!, 8 =053x 10" s> m~! and g, = —0.65x 107> s*m-1 at
1.55 pm. The all-fiber format of the setup is maintained by direct
splicing of standard telecom components.

The design of the pulsed Er/Brillouin fiber laser is nearly the
same as described in Ref. [5]. The Er-doped fiber section is pumped
by a 120 mW laser diode at 1480 nm through a wavelength divi-
sion multiplexer. At this power level, stimulated Brillouin scatter-
ing (SBS) and Rayleigh Scattering (RS) affect the laser performance.
A Brillouin ring mirror introduced into the fibre cavity through a 5/
95 tap coupler provides passive generation of the nanosecond
pulses (See Ref. [5] for more information about the laser dynam-
ics). For the reported operation, pulse generation occurs with a rep-
etition rate of 5 kHz and with an average power of 25 mW. Note
that, for imaging systems like optical coherence tomography, the
pulse repetition rate could be increased up to tens of kHz simply
by increasing the pump power. A typical Q-switched laser pulse
can be seen in Fig. 2b with a full-width at half maximum (FWHM)
duration of 10 ns. The peak power was assessed to about 500 W
and is subject to stochastic fluctuations around the maximum with
a standard deviation of approximatively 15% [5,6]. These fluctua-
tions are mainly due to the stochastic nature of the processes
responsible for Q-switching of the laser, namely, Rayleigh scatter-
ing (RS) and stimulated Brillouin scattering (SBS). They indeed oc-
cur in a random way along the fiber and thus lead to output power
instability. Note that this is turn will induce some limitations on
the spectral power stability and density for the SC spectrum. Nev-
ertheless, the repetition rate of the Q-switched laser would allow
for stable long-term average measurements. The use of a fibre
Bragg grating (FBG) with a 3 dB linewidth of 35 GHz (FWHM) in
the laser cavity sets the laser wavelength around 1556 nm and lim-
its the number of generated SBS Stokes components. A typical laser
spectrum is shown in Fig. 2a in logarithm scale (black line) and in
linear scale (grey line). The initial transmission spectrum of the
FBG is also reported on Fig. 2a as a dashed line. As it can be seen,
the laser emits several Brillouin Stokes lines with a full linewidth
of about 0.4 nm. Note that the multi-frequency operation of the la-
ser is beneficial for SC generation because it acts as a seed for mod-
ulation-instability-induced SC generation and helps to smooth
spectral broadening [8]. By coiling the fiber on cylinders with dif-
ferent diameters (12 and 15 mm) we introduced irradiative losses
and were able to adjust the coupling efficiency between the laser
and the HNLF in order to study the SC dynamics. The output spec-
tra were recorded with an optical spectrum analyzer (OSA) in the
range 0.9-1.7 pm and with a maximum resolution of 0.06 nm.
For longer wavelengths above the OSA upper limit, we used an ex-
tended spectrometer based on a 300 lines/mm diffraction grating
and an InGaAs photodiode operating up to 2.6 pm. A 1% tap coupler
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Fig. 2. (a) Typical laser cutput spectrum recorded with an optical spectrum anal-
yser in logarithm scale (black line) and linear scale (grey line). Dashed line indicates
the transmission spectrum of the fiber Bragg grating. (b) Oscillescope trace of a Q-
switched laser pulse.

was used for monitoring of the Er-Brillouin laser power. Finally, the
full SC span was plotted by putting both spectral measurements
together.

3. Results and discussion

Fig. 3 shows the SC spectrum at the fiber input and output ends
at maximum launched power. The SC output power at the end of
the fiber has been measured at 14 mW. We can see that most of
the energy in the fundamental laser wavelength at 1556 nm is effi-
ciently converted into the supercontinuum, therefore covering all
the wavelengths between 1.1 and 1.75 um, the latter correspond-
ing to the OSA upper limit. The non-linear spectral broadening oc-
curs near symmetrically on both long and short wavelength sides
of the spectrum from the pump wavelength.
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Fig. 3. Supercontinuum generation measured at maximum power (black line) and
input laser spectrum (grey line).

Fig. 4 shows the SC build up for decreasing bending losses, or
equivalently increasing coupling efficiency between the Er/Brillou-
in laser and the HNLF. Although femtosecond pulse SC generation
involves an initial (deterministic) propagation phase of higher-or-
der soliton evolution, SC generation in the nanosecond regime in-
volves a significantly different scenario [1]. Specifically, the pump
pulse near the ZDW undergoes spectral broadening through mod-
ulation instability (MI), which is manifested, in the frequency do-
main, by the generation of modulation sidebands located around
the pump frequency. We can see in Fig. 4 at low-power the clear
generation of two MI sidebands around the pump wavelength.
These sidebands are generated because of the slight anomalous
dispersion at the pump wavelength. In the time domain, MI leads
to the generation of ultra-short sub-pulses train generation.

As for femtosecond pulse SC generation, these soliton-like
pulses then undergo self-frequency red shift through both third-
order dispersion (TOD) and stimulated Raman scattering. Simulta-
neously they shed energy in the form of dispersive waves at short-
er wavelengths, which are enhanced by the very low dispersion
slope of HNLF [8]. In Fig. 4 we can see non-solitonic DWs first
around 1500 nm, and then down to 1000 nm at higher pump
power. We have indeed checked that these wavelengths are in
good agreement with the phase matching condition for dispersive
waves emitted by soliton fission, that can be expressed at first-or-
der as éw = —%‘-ZZ m~ —6nc(dp — Ao} where §, and g, are the second
and third-order dispersion (TOD) coefficient, respectively. 4, and
Ao are the pump and the zero-dispersion wavelength [12].

Fig. 5 shows the full SC spectrum recorded using both OSA and
the extended spectrometer. The solid lines correspond to the OSA
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Fig. 4. Output SC spectra for decreasing bending losses between the fiber laser and
the HNLF (increasing pump power).
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Fig. 5. Supercontinuum spectra at the cutput of the HNLF (black line) recorded with
both OSA (sclid line) and the long wavelength spectrometer (plus and rounds) and,
for comparisen, at the cutput of a DSF (grey, —10dB offset).

graphs and plus and rounds to the measurements made with the
spectrometer. First we consider the black line which corresponds
to our experiment. As it can be seen, SC extends well beyond
1.75 um and remains flat up to 2.1 pm, from which the fiber
absorption increases significantly. From the latter phase-matching
equation, we can infer that dispersive waves can be uniformly gen-
erated down to 1.1 pm from Raman solitons generated up to
2.1 pm. Taking into account the maximum Raman soliton fre-
quency measured at 143 THz (or equivalently the longer SC wave-
length at 2.1 pm) in Fig. 5, we obtain a theoretical DW frequency
shift §v = 152 THz, in excellent agreement with the extension of
the DWs generation towards short wavelengths. Indeed, the mini-
mum DWs frequency is measured to 273 THz (or 1.1 pm) and cor-
responds to a frequency shift with respect to the pump of
vmeas = 130 THz, close to the theoretically §vy. The small discrep-
ancy can be attributed to the cut-off wavelength for the fundamen-
tal mode of the HNLF that limits the SC extension.

As a comparison, Fig. 5 also shows the SC obtained in a 200 m-
long conventional DSF (grey line) [6]. Despite the fact the two fibers
have different lengths because the HNLF can not be cut off, this
comparison clearly highlights the advantages of the HNLF. Fig. 5
shows that a 10 dB enhancement in the SC flatness was achieved
thanks to the strong nonlinearity and the low dispersion slope of
the HNLF. The DSF, presenting a dispersion slope three times larger
and a non-linear coefficient five times weaker than the HNLF, has
less dispersive waves in the blue side of the SC spectrum.

To get better insight, we performed an additional SC generation
experiment based on a concatenation of both the HNLF and the

_20} J
DSF+HNLF

|
w
o

|
B
o

Power spectrum (10 dB/div.)

|
42
[=]

1000 1200 1400 1600 1800 2000 2200
Wavelength (nm)

Fig. 6. Supercontinuum spectra at the output of the HNLF + DSF (black line) reco-
rded with both OSA (scolid line) and the long wavelength spectrometer (crosses and
rounds) and, for comparison, at the output of the DSF (grey, same as in Fig. 5).
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DSF. The results are illustrated in Fig. 6 in black line. We can see the
efficient frequency conversion toward shorter wavelength, which
leads to an enhancement of 10 dB between 1.1 pm and 1.5 pm.
However, we can observe a decreasing spectral broadening toward
longer wavelength because the HNLF’s absorption increases
strongly from 2.1 pm.

4. Conclusion

In conclusion, we have demonstrated a reliable 1000 nm-band
nanosecond supercontinuum all-fiber source based on a highly-
non-linear fiber and a passively Q-switched Erbium-doped fiber la-
ser pumped with a 120 mW pump diode only. This simple laser
source constitutes a compact and low-cost all-fiber SC source that
could find direct applications in components testing or optical
coherence tomography. We suggest that ultra-broadband SC can
be achieved using a similar self-Q swichted Yb fiber laser at 1 pm
in combination with an endlessly-single-mode microstructured fi-
ber with a suitable dispersion.
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